Approximately 1.8 m thick nanolayered multilayer coatings of TiN/CrN (also known as superlattices) were deposited on silicon (100) substrates at different modulation wavelengths (4.6-12.8 nm), substrate temperatures (50-400 °C) and substrate bias voltages (-50 to -200 V) using a reactive direct current magnetron sputtering system. X-ray reflectivity (XRR) technique was employed to determine various properties of the multilayers such as interface roughness, surface roughness, electron density, critical angle and individual layer thicknesses. The modulation wavelengths of the TiN/CrN superlattice coatings were calculated using modified Bragg's law. Furthermore, the experimental X-ray reflectivity patterns were simulated using theoretically generated patterns and a good fit was obtained for a three layer model, i.e., (1) Author to whom correspondence should be addressed Electronic mail: harish@css.nal.res.in Fax # +091-80-2521 0113 2 periodicity of the constituent layers and relatively sharp interfaces. The simulation showed that the superlattice coatings prepared under the above conditions exhibited low surface and interface roughnesses. We also present the effect of substrate temperature and substrate bias, which are critical parameters for controlling the superlattice properties, onto the various interface properties of TiN/CrN superlattices.
periodicity of the constituent layers and relatively sharp interfaces. The simulation showed that the superlattice coatings prepared under the above conditions exhibited low surface and interface roughnesses. We also present the effect of substrate temperature and substrate bias, which are critical parameters for controlling the superlattice properties, onto the various interface properties of TiN/CrN superlattices.
Introduction
Nanolayered multilayer coatings, also known as superlattices, consist of alternating layers of two different materials with a modulation wavelength or bilayer thickness () in the range of nanometers. In recent years, various nanolayered multilayer coatings such as TiN/CrN, TiN/NbN, TiAlN/TiN, TiAlN/CrN, etc. have been extensively studied due to their improved properties compared to single layer coatings [1] [2] [3] [4] [5] [6] [7] . Transition metal nitride superlattices exhibit superior mechanical and tribological properties and also exhibit superior oxidation resistance [1] [2] [3] [7] [8] [9] . These coatings can be used for cutting, punching, forming, injection molding, drilling, milling and tribological applications [10] . The structure, mechanical, tribological properties, and oxidation and corrosion resistance of TiN/CrN nanolayered multilayered coatings have been studied in great detail in the literature [2, 9, [11] [12] [13] [14] [15] [16] [17] . The unique combination of high fracture resistance and high abrasion resistance of TiN/CrN multilayers make this coating an interesting choice for a number of tool applications where high tensile stresses are generated in the coating [2] .
Superlattices with periodic structures are characterized, based on two structural parameters: (1) the modulation wavelength and (2) the thickness distribution between the two components [18] . The modulation wavelength plays an important role in determining the properties of the multilayer coatings. The thickness distribution leads to accumulation of interface roughness, resulting in deterioration of properties of the multilayer coatings [19] . The multilayer coatings exhibit superior properties only at very low modulation wavelengths.
Therefore, determination of the modulation wavelength is very important. Conventionally, cross-sectional transmission electron microscopy (XTEM) has been used to determine the modulation wavelength of the multilayers [20] . But XTEM is a destructive technique and the sample preparation is tedious and challenging. Alternative method such as low angle X-ray reflectivity (XRR) has been used to determine the modulation wavelength of the multilayer coatings [21] [22] [23] [24] [25] [26] [27] . X-ray reflectivity is non-destructive and more reliable than XTEM and provides information about the average features of the sample over all the macroscopically studied area.
Low angle X-ray reflectivity is a non-destructive technique widely used to determine individual layer thicknesses, electron densities ( e ), critical angle ( c ), interface () and surface roughnesses ( 0 ) of multilayered coatings deposited on flat substrates. The reflectivity in a multilayer depends on the difference in the electron densities between the two layers [21] . While passing from air (n = 1) to the material (n < 1) it is possible to reflect the beam if the incident angle  m (which is the angle between the surface of the sample and incident beam) is small enough. This is known as the total external reflection of X-rays and the angle is called as critical angle. For small angle of incidence and neglecting absorption, the value of  c expressed in radians, is related to  m and individual layer thickness, by [28] 
where, t A and t B are the thicknesses of the two individual layers A and B.
At a certain incident angle  m , path difference is equal to multiple of X-ray wavelength (), and the constructive condition for X-ray diffraction is satisfied to generate a reflection peak [22] :
where m is the order of the reflection,  is the modulation wavelength and  is a density average profile value for a bilayer pair.
By combining the Snell's and the Bragg's laws and through mathematical approximation, the modified Bragg's law can also be expressed as [23, 24, 29] :
According to Eq. (4) a linear fit to the observed data can be made by plotting (m) 2 versus sin 2  m . The slope of the resulting line is then equal to 4 2 , and from this  can be derived.
Detailed studies on the interface properties of various magnetic multilayers (e.g., Co/Re, Co/Cu) [30, 31] and multilayer X-ray mirrors (e.g., Nb/Si, Cr/Sc, Mo/Si) have been reported in the literature [27, 32, 33] . To our knowledge, detailed studies on sputter deposited transition metal nitride superlattices using low angle X-ray reflectivity have not been reported so far [8, 34] .
In this paper, TiN/CrN superlattices were deposited using a reactive direct current (DC) magnetron sputtering technique. We study the effect of three most important parameters: modulation wavelength, substrate bias (V B ) and substrate temperature (T S ), on the various properties of the coatings (such as critical angle, electron density, interface and surface roughness). These parameters control mechanical properties of transition metal nitride superlattices. The structure and mechanical properties of these coatings are described in detail elsewhere [3] . Here we present the results of experimental and simulated low angle X-ray reflectivity measurements.
Experimental details
Alternate layers of TiN and CrN of varying thicknesses were deposited on silicon (100)
substrates using a reactive DC magnetron sputtering system that has been described elsewhere [3] . [35] .
Furthermore, the nitrogen partial pressures were carefully chosen as the homogeneity range of cCrN is very narrow, extending from 49.5 to 50.0 at.%, whereas, for TiN it is from 38.0 to 50.0 at.% [36] . The nitrogen gas was introduced through a manifold in front of the chromium target in order to maximize the nitridation of depositing chromium and minimize that of depositing titanium, thus ensuring a higher partial pressure of nitrogen near the chromium target.
Three sets of TiN/CrN superlattices were prepared. In the first set, the TiN/CrN superlattices were deposited at different nominal modulation wavelengths ranging from 4.0 -12.0 nm. The experimental conditions for these coatings are shown in Table 1 CrN, respectively. In order to deposit multilayer coatings with controlled layer thicknesses and repeatability, a PC based control system was used. This system consisted of a driver circuit power supply and a stepper motor connected to the substrate holder through a rotary feedthrough. The driver circuit was controlled by a computer. The total thicknesses of the coatings were approximately 1.8 m. The first layer on the substrate was always Ti followed by CrN, and the TiN and CrN layers were deposited alternatively.
The X-ray reflectivity data of the coatings were recorded in a 2 - geometry with a Philips X'pert PRO MPD (PW 3040/10) diffractometer. The X-ray source was a Cu K  (0.15418 nm) radiation. The resolution of the goniometer was 0.001º. The reflectivity patterns were recorded in the range  = 0 to 3º.
Results and discussion

Fitting procedure for specular X-ray reflection
Previous to the measurements, alignment of the sample stage has been performed for specular reflection by positioning the sample stage such that it half-cuts the direct X-ray beam in both  and 2 scans, independently. Due to the asymmetry in the sample shape, small values of offset in either  or 2 or both have been found and the same has been corrected in the software before performing the actual measurements. The simulation of the recorded patterns is carried out by employing X'Pert reflectivity program based on the Parrat formalism for specular X-ray reflection [21, 37] . The Parrat formalism is based on successive reflection of low angle X-rays at many interfaces as in the case of a superlattice. The phase and amplitude of the reflected X-rays are functions of many parameters such as electron density, interface roughness, surface roughness and thickness. In order to begin with the simulation, we relied purely on the known experimental values which are either in the thin film or bulk form. For example, the electron density has been estimated from the mass density, which is available for the bulk materials.
Experimental modulation wavelength has been calculated using Eq. 4. An absolute square root difference scheme has been used to minimize the difference between the experimental and the simulated results. The fitting has been tried with different procedures such as segmented fit, genetic algorithm and a combination of both. It has been found that the fitting by segment method yielded the best results.
There are two main processes in the multilayer growth that cause the interface to broaden, namely, interdiffusion and intermixing. Intermixing is mixing of interfaces due to energetic particle bombardment, whereas, interdiffusion is thermally activated transport of material across the interface. Because of low substrate temperature ( angle and the interface and surface roughnesses were also obtained from the simulated data.
Peak identification
The identification of the order of X-ray reflection peaks is a crucial step to calculate modulation wavelength using the modified Bragg's law. The peak identification is not a straight-forward process especially for nanolayered multilayer coatings. This is because some of the low-order peaks with a large modulation wavelength are embedded in the background or out of measurable incident angle range. So identification of the order of peaks is very important to calculate the modulation wavelength [42] . Yang and Zhao suggested a two-step approach to determine the order of reflection peaks [42] . First, an approximate  value is calculated from the peak angle interval (
where k is the order of difference between the chosen peaks. The second step is to substitute the estimated  value into Eq. (4) figure 3(b) ), which gives a straight line with a slope of (/2) 2 and an intercept of 2. In this case, the slope of the line was 6.2679110 -5 . The  value obtained from the second graph was 2.941210 -5 . Modulation wavelengths of 9.71 and 9.72 nm were obtained from both the plots, as shown in figure 3 .
Similarly, the modulation wavelength was calculated for the other samples. As will be discussed later, the modulation wavelength calculated from the position of Bragg peaks (hereafter called estimated modulation wavelength) was in good agreement with the simulation results (hereafter called simulated modulation wavelength). It is known that for angle of incidence higher than  c , the reflectivity drops with increasing angle  as  -4 [43] . As the coating thickness is high (~1.8 m), no Kiessig's fringes were observed due to the instrumental limitation and high absorption coefficients of the component materials [44, 45] .
Effect of modulation wavelength on the interface properties
The intensity ratio of the first and second order Bragg peaks (I 1 /I 2 ) as a function of modulation wavelength is shown in figure 5(b) . As the modulation wavelength increases, the intensity ratio of the first order and second order Bragg peaks decreases. It is known that the higher order Bragg peaks are roughness sensitive, therefore, the decrease in the intensity ratio of first and second order Bragg peaks indicates an increase in the roughness [32] . The roughness depends upon (i) the number of bilayers, (ii) the bilayer thickness and (iii) the ratio of individual layer thicknesses [46] . The intensity of the XRR peaks is reported to reduce by a Debye-Waller like factor exp (-2k 1 k 2  2 ), where k 1 and k 2 are wave vectors in the constituent layers and  is the interface roughness [27] . Theoretically, it has been shown that for Cr/Sc multilayers a decrease in the interface roughness from 0.5 to 0.3 nm in a multilayer with a modulation wavelength 1.692 nm corresponds to an increase in normal-incidence reflectivity from 2-19% [32] . There are other causes for reduction in the intensity of XRR peaks. These include: long-range waviness of the sample beyond the limits of resolution of the diffractometer and surface roughness [32] .
It is found that as  increases from 4.6 to 9.7 nm, intensity of the reflected beam, just below the critical angle, decreases from its maximum value at 4.6 nm. On further increasing , the intensity of the reflected beam increases from its minimum value at 9.7 nm. Furthermore, at  = 12.8 nm, the first Bragg peak has a low scattering vector (q = 4sin/) value (0.0068 nm
and is very close to q c (0.0049 nm -1 ), so it is difficult to resolve the first order Bragg peak, as shown in figure 4 . As the modulation wavelength decreases, the first Bragg peak shifts towards higher q and becomes clearly resolved (for example, for  = 4.6 nm, q = 0.01441 nm -1 and q c = 0.0052 nm -1 ) [30] .
The electron density of the TiN and CrN layers can be calculated from their mass density values [28] :
where  is the mass density, N A is the Avogadro constant, Z i is the atomic number of the i th element and M i is the atomic weight. The parameter f is defined as: It is evident from the Table 2 , the roughness of CrN layer was always higher than that of TiN layer and is attributed to higher growth rate of CrN (0.6 nm/s) as compared to TiN layer (0.2 nm/s) [49] . Higher partial pressure of N 2 near the Cr target, as discussed in the Experimental Section, is also believed to be responsible for higher roughness of CrN layer [27] . In general, for multilayer coatings prepared with a bilayer thickness of 4.6-9.7 nm, no significant change in the surface roughness was observed. However, multilayer coatings prepared at higher modulation wavelength (12.8 nm) exhibited relatively high surface roughness, suggesting that modulation wavelength plays an important role in controlling the surface roughness of TiN/CrN superlattices [50] . For thin films (that is single layer), theoretically, it has been shown that the width of the interface () scales with thickness (t) by the general relation   t  with  = 0.2-0.5.
Furthermore, for the sputtered films the substrate temperature is low compared to the melting temperature of deposited materials (2950 ºC for TiN and 1500 ºC for CrN), the expected surface morphology consists of columns, with a characteristic length  which scales with thickness as   t p with p as the scaling exponent [27] . For multilayer film, however, the roughness evolution is more complex because of existence of many buried interfaces [49] . Decrease in the surface roughness at low modulation wavelength has been attributed to interruption of columnar grains because of alternating deposition of constituent layers [51] . Our results are in good agreement with those reported in the literature [50, 52] .
At  = 9.7 nm, maximum order of reflections up to 5 th order were observed at  1 = 0.58 well-defined periodicity along the growth direction and relatively sharp interfaces [53] .
However, the order of reflections and their intensities were very low at  = 12.8 nm, because of its high surface (3.682 nm) and interface roughnesses (0.891 and 1.072 nm, respectively for TiN and CrN layers).
At  = 12.8 nm, significant broadening of higher order peaks was also observed, indicating that small layer thickness fluctuations may be present [53, 54] . The thickness fluctuations (discrete and continuous) give rise to cumulative disorder and destroy the long-range order of the superlattice, resulting in main Bragg peak broadening as well as in dampening of higher order Bragg peak intensities [30, 53] . Table 3 . The interface roughness of TiN did not change significantly with the substrate temperature, however with an increase in the substrate temperature  CrN decreased significantly. Similarly, the surface roughness decreased with increasing substrate temperature. It has been reported that low substrate temperature during growth minimizes interdiffusion and intermixing. Such conditions may lead to kinematically limited growth, i.e., the adatoms do not have high enough surface mobility to find the energetically most favorable sticking position. This leads to increased and accumulated roughness [32] . At 400 ºC, we observed a shift in the position of Bragg peaks towards lower  values. The shift in the peak is due to an increase in the modulation wavelength at 400 ºC, the exact reason for this is not clearly known.
Effect of substrate temperature on the interface properties
Effect of substrate bias on the interface properties
The XRR patterns of TiN/CrN multilayer coatings deposited at different substrate bias voltages in the range -50 to -200 V are shown in figure 7 . The nominal modulation wavelength was 9.0 nm and the substrate temperature was 400ºC for these samples. At V B = -50 V, no Bragg reflections were observed and further increase in the bias voltage resulted in the appearance of Bragg reflections. As the bias voltage increases beyond -50 V, the order of the Bragg reflections also increased. It is evident from figure 7 and the simulated data given in Table 4 that the coating deposited at V B = -50 V has high surface (3.500 nm) and interface roughnesses (1.169 and 1.721 nm for TiN and CrN layers, respectively). It has been reported that at low ion energies, i.e., for low mobility of the adatoms, the kinematically limited growth will produce asperities, with relatively loosely bound top atoms, on the surface. This leads to an increased and accumulated roughness as the growth of the multilayer proceeds [32] . Due to this, the radiation reflected from the surface does not interfere constructively with the radiation reflected from the interface, causing the disappearance of reflection peaks [55] . At V B = -200 V, maximum order of reflections (5 th order) were observed, indicating a well-defined periodicity of the constituent layers. Also at this substrate bias, low surface (2.044 nm) and interface roughness values (0.577 and 0.918 nm for TiN and CrN layers, respectively) were observed, indicating the presence of sharp interfaces. This is because, as the ion energy increases, the loosely bound atoms will move around on the surface and find positions where they minimize the total energy, which results in smooth surface morphology [32] .
The foregoing discussion indicated that TiN/CrN superlattices prepared at a modulation wavelength of 9.7 nm, a substrate bias of -200 V and a substrate temperature of 400C exhibited well-defined periodicity of the constituent layers, relatively sharp interfaces and low surface and interface roughnesses. The coatings prepared at a modulation wavelength of 9.7 nm, a substrate bias of -200 V and a substrate temperature of 400C also exhibited superior mechanical properties [3] . Therefore, the simulation results are consistent with the mechanical properties of the TiN/CrN superlattices. The effect of substrate temperature, substrate bias and modulation wavelength onto the growth of TiN/CrN superlattices is briefly discussed below.
For practical applications, any multilayer hard coating should fulfill complex requirements such as hardness, toughness and good adherence at the substrate-coating interface.
The properties of multilayered coatings are determined by the microstructure (density, grain size, grain boundaries, grain orientation) and sharp interfaces, which are critically affected by the deposition parameters such as bilayer thickness, substrate temperature and substrate bias. For sputter deposited coating, generally the growth temperature (T/T m , where T m is the melting temperature of the material) is less than or equal to 0.3. This is commonly known as Zone 1 of the Thornton model of thin film growth [50] . The zone is characterized by a columnar fine grain microstructure. A substrate temperature of 200 -400 ºC is ideal for practical applications such as deposition on metallic substrates, leading to good adhesion between the substrate and the coating. Similarly, considerable amount of ion bombardment is required to increase the hardness of the coating. In the present case, the ion current densities were 1.1 and 0.3 mA/cm 2 for TiN and CrN layers, respectively at a substrate bias of -200 V. It has been reported that for a substrate bias of -150 to -200 V, the ion bombardment results in ion induced densification, whereas at higher substrate bias voltages, deterioration in the multilayer structure is caused by interdiffusion and interface roughness [56] . The ion bombardment during the film growth suppresses the formation of large grains with voided or cracked boundaries because of continuous renucleation process. Increasing the substrate bias increases the energy of impinging ions and as a result re-sputtering occurs. Furthermore, as the energy of the impinging ions increases, the generation of defects and preferential re-sputtering of adatoms increase, these processes in turn produce an increased number of preferential nucleation sites which reduce the grain size. The ion bombardment also results in trapping of accelerated gas ions (e.g., Ar and N 2 ) and high compressive stresses in the coating [57] .
An optimum bilayer thickness is required to have high hardness of the multilayer coating because at moderate bilayer thicknesses, the thicknesses of the component layers are small and dislocation generation mechanism such as Frank-Read sources cannot operate inside a given layer [58] . Furthermore, even dislocations are generated in the layers, they propagate towards the interfaces. As the interfacial energies are quite high, further movement of the dislocations is prevented and hence pile up of dislocations takes place near the interfaces [58, 59] , resulting in enhanced hardness of multilayer coatings. At very low bilayer thicknesses, however the interfaces are not sharp resulting in a decrease in the hardness of multilayer coatings. Therefore, a judicious control of various process parameters is required to obtain best quality multilayer coatings.
Conclusions
X-ray reflectivity was used to determine the interface roughness, surface roughness, Table 2 .
Values of the parameters obtained from the X-ray reflectivity data fitted by the theoretical simulation for the TiN/CrN superlattices prepared at different modulation wavelengths.  TiN is defined as roughness of TiN on CrN and  CrN is defined as roughness of CrN on TiN. Table 3 .
Values of the parameters obtained from the X-ray reflectivity data fitted by the theoretical simulation for the TiN/CrN superlattices prepared at different substrate temperatures.
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Temp. Table 4 .
Values of the parameters obtained from the X-ray reflectivity data fitted by the theoretical simulation for the TiN/CrN superlattices prepared at different substrate bias voltages. 
